Crtl), many others would not have been pre-
dicted, including those that have been previ-
ously associated with lipid metabolism (Ino4),
stress response (e.g., Yap5), or cyclic adenosine
5’-monophosphate—dependent signal transduc-
tion (Sok2). Overall, the model highlights
extensive regulatory cross-talk among the
processes of DNA replication and repair, cell
cycle and cell-cycle arrest, stress responses, and
metabolic pathways.

Every path of length two implicates an
intermediate factor that is expected to regu-
late a set of genes similar to that regulated by
the deleted TF. Some of these paths (6 out
of 88), such as Dal81—Pdrl—-HOR7 and
Fkh2—Ace2—ZWF1, were already consistent
with available data for both the source (e.g.,
Dal81 or Fkh2) and the intermediate (e.g., Pdr1 or
Ace2) factor, because both TFs were already
included among the 27 assayed (“Reinforcing” or
“Feed-forward loop” in Fig. 5A). Other paths
included intermediate factors for which the
transcription profiles were implied but untested
(“Indirect” in Fig. 5A), suggesting follow-up
experiments to refine the model.

Swi6 is thought to bind DNA in a complex
with either Swi4 or Mbp1 (29). To discriminate
which Swi6 targets were Mbpl dependent, we
analyzed an mbpl knockout strain. The set of
genes deletion-buffered by mbp 1A was found to
overlap with the swi6A-buffered set, including
the genes RNRI and DIN7 (Fig. 5C). Thus,
RNRI and DIN7 appear to depend on both
Mbp1 and Swi6 for proper regulation.

Noting that loss of Rtg3 caused deletion buf-
fering of many downstream genes through the
path Rtg3—Ino4, we investigated whether loss
of Rtgl, a binding partner of Rtg3 (30), would
produce a similar outcome. Indeed, loss of Rtgl
buffered many genes that were bound by Ino4
(Fig. 5C). However, the sets of Rtgl versus

Rtg3 deletion-buffered genes did not strongly
overlap. Thus, in response to MMS exposure,
Rtgl and Rtg3 appear to collaborate with Ino4
to regulate a battery of genes (whose products
influence phospholipid metabolism and retro-
grade transport), but their functional roles are
not interchangeable.

We have integrated TF binding profiles with
genetic perturbations, mRNA expression, and
protein interaction data to reveal direct and
indirect interactions between TFs and MMS-
responsive genes. The result is a highly inter-
connected physical map of regulatory pathways
supported by both binding and deletion-buffering
profiles. Some relations in this map are con-
firmed by previous studies, but most represent
the basis for new hypotheses. As systems-level
approaches continue to map the connectivity of
large cellular systems, an important goal will be
to make these maps even more integrative and to
learn how to use them to predict the effects of
different drugs, dosages, and genetic disposi-
tions on pathway function.
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Lamin A-Dependent Nuclear
Defects in Human Aging

Paola Scaffidi and Tom Misteli*

Mutations in the nuclear structural protein lamin A cause the premature aging syndrome
Hutchinson-Gilford progeria (HGPS). Whether lamin A plays any role in normal aging is unknown.
We show that the same molecular mechanism responsible for HGPS is active in healthy cells.
Cell nuclei from old individuals acquire defects similar to those of HGPS patient cells, including
changes in histone modifications and increased DNA damage. Age-related nuclear defects are
caused by sporadic use, in healthy individuals, of the same cryptic splice site in lamin A whose
constitutive activation causes HGPS. Inhibition of this splice site reverses the nuclear defects
associated with aging. These observations implicate lamin A in physiological aging.

utations in the lamin A gene (LMNA)
Mare responsible for the premature
aging disease Hutchinson-Gilford

progeria syndrome (/—3). The most prevalent
HGPS mutation (heterozygous Gly®*8—Gly®08
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with C changed to T) leads to a splicing
defect and consequent generation of a trun-
cated, dominant gain-of-function lamin A
isoform (2, 3). HGPS patient cells have var-
ious defects in nuclear structure and function

(4-6). They are characterized by dysmorphic
nuclear shape (4), increased DNA damage
(5), and down-regulation of several nuclear
proteins, including the heterochromatin pro-
tein HP1 and the LAP2 group of lamin A—
associated proteins (6). Furthermore, HGPS
cells have altered histone modification pat-
terns, including reduced heterochromatin-
specific trimethylation of Lys® on histone
H3 (Tri-Me-K9H3) (6).

It has not been clear how HGPS relates to
normal aging and whether lamin A plays any
role in the physiological aging process (7, §).
To address these questions, we determined
whether HGPS-like nuclear defects occurred
in cells from normally aged individuals. Mul-
tiple skin fibroblast cell lines from old (81 to
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96 years) individuals consistently showed
nuclear aberrations similar to those seen in
HGPS cells (Fig. 1, A to D) (6). Whereas
most cells from young individuals (3 to 11
years) showed robust staining for HPI,
LAP2s, and Tri-Me-K9H3, a significant sub-
population of nuclei in cells from old indi-
viduals had reduced signals, similar to
previous observations in HGPS cells (Fig.
1A) (6). Quantitative single-cell analysis
demonstrated that the distributions of marker
levels were significantly different in cells from
young compared with old individuals (Fig. 1, B
and C) (P < 0.001). In cells from old indi-
viduals, between 40 and 90% (average of 61 +
23%) of cells showed a reduction of Tri-Me-
KO9H3 (9), whereas this fraction was 20 to 32%
(average of 25 = 3.8%) in cells from young
individuals (Fig. 1, B to D). The percentage of
cells with reduced HP1 and Tri-Me-K9H3 in
cells from old donors was comparable to that
found in HGPS patient cells, although a
stronger overall reduction was observed in
HGPS cells, with many cells showing nearly
no signal (Fig. 1, B to C). Similar differences
were found for LAP2s.

Fig. 1. Nuclear abnormalities in cells from old
individuals. (A) Immunofluorescence microscopy
on primary dermal fibroblasts from young (7 y)
and old (87 y) healthy individuals and a HGPS
patient. Scale bar, 10 um. DAPI, 4’,6’-diamidino-
2-phenylindole. Intensity distributions of the
average fluorescent signal for (B) Tri-Me-K9H3
and (C) HP1y in fibroblasts from healthy individ-
uals of indicated age and a HGPS patient. (D)
Quantitation of cells showing reduced amounts of
Tri-Me-K9 in passage-matched population dou-
blings (PD) 19 cell lines from healthy individuals
of indicated age and a HGPS patient (9). (E and F)
Reduction of Tri-Me-K9 H3 over cell passage. Best
linear fits are shown. (G and H) Increased DNA
damage in passage-matched (PD20) cell lines
from healthy individuals of indicated age and a
HGPS patient detected by antibody to H2AX. Scale
bar, 20 pm. N > 200.

The nuclear defects in HGPS patient cells
have previously been shown to accumulate
during passage in culture (4). Cell lines from
both young and old donors exhibited in-
creased defects with prolonged passage (Fig.
1, E and F). However, defects accumulated
much more rapidly in cells from old donors
than in cells from young individuals (Fig. 1F
and fig. S1). A further hallmark of HGPS
cells is an increased amount of unrepaired
DNA damage as indicated by the presence of
foci containing phosphorylated histone
H2AX (5). Similar to HGPS patient cells,
the percentage of nuclei with phospho-
H2AX foci was significantly higher in cells
from old individuals (43 + 6%) compared
with young individuals (12 + 3%; P < 0.001)
(Fig. 1, G and H). The accumulation of
H2AX foci in aging human cells is consist-
ent with similar recent observations in ba-
boons and mice (10, 11). We conclude that
cells from HGPS patients and normally aged
individuals share several common nuclear
defects.

The vast majority of HGPS cases are
caused by the constitutive activation of a

wild type 87y wildtype 7y 3>

HGPS

B Tri-Me-K9 C

cryptic splice site in exon 11, which leads to
aberrant removal of the 3’-terminal 150
nucleotides of this exon (2, 3). The resulting
A150 LMNA mRNA gives rise to a dominant
gain-of-function lamin A isoform containing
an internal deletion of 50 amino acids (A50
lamin A) (2, 3). Because the cryptic splice
site in the wild-type LMNA gene is highly
homologous to a generic consensus splice
donor site (Fig. 2A), we asked whether this
cryptic splice site is also used by default in
cells from healthy individuals. Reverse tran-
scription polymerase chain reaction (RT-
PCR) using primers in exon 9 and 12
amplified a minor truncated product in cells
from healthy individuals of all ages (Fig. 2, B
and C). DNA sequencing confirmed the iden-
tity of the product. Furthermore, all cell lines
tested expressed the A150 LMNA isoform
when detected with a pair of primers specific
for the aberrant splice junction (Fig. 2, B and
D). Transfection of a splicing reporter in
multiple cell lines from both young and old
donors confirmed the sporadic use of the
cryptic splice site in the wild-type LMNA tran-
script (Fig. 2, F and G). Quantitative RT-PCR
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analysis using the splice junction primers
demonstrated that use of the cryptic splice site
was about 50-fold lower in cells from healthy
individuals than in HGPS cells and did not
increase with age (Fig. 2H). Use of the cryptic
splice site is not a cell-culture artifact, because
A150 LMNA mRNA is detectable in un-
processed human tissues (Fig. 2I). Similar to
cultured cells, no significant difference in the
amount of A150 LMNA mRNA was observed
in tissues from either young or old individuals
(Fig. 20).

The occurrence of lamin A aberrant splicing
in wild-type cells suggests that A50 lamin A is
present in cells from healthy individuals. A
truncated protein of the expected molecular
weight was detected in wild-type cells by
antibodies against lamin A and C (lamin A/C)
upon extraction of soluble proteins and enrich-
ment for membrane-associated proteins (Fig.
3A and fig. S2). Analysis of liver tissues
confirmed the presence of A50 lamin A in old
individuals (Fig. 3B). Consistent with the
absence of any increase in A150 LMNA mRNA
levels, the truncated protein did not significant-
ly accumulate during aging (Fig. 3A). How-
ever, a striking change in lamin A/C localization
was detected in cells from old donors (Fig. 3, C
to E). Whereas in cells from young individuals a
substantial fraction of lamin A/C was present
throughout the nucleoplasm, this fraction was
almost completely absent in cells from old do-
nors, and the vast majority of lamin A ac-
cumulated at the nuclear rim (Fig. 3, C and D).
This distribution was similar to that in HGPS
cells, where the presence of the mutant lamin A
protein leads to the accumulation of wild-type
lamin A at the nuclear periphery (Fig. 3C) (6).
Importantly, lack of nucleoplasmic lamin A/C
strongly correlated with reduced amounts of
Tri-Me-K9H3 and HP1 at the single-cell level
(Fig. 3D). Thus, as in HGPS patients, cells from
old individuals express the A150 LMNA
mRNA, and lamin A is aberrantly localized in
the cell nucleus.

To directly demonstrate that the produc-
tion of the AS0 lamin A protein by sporadic
use of the cryptic splice site in LMNA exon 11
was responsible for the observed changes in
nuclear architecture in cells from aged individ-
uals, we inhibited the cryptic splice site in cells
from old donors by using a previously charac-
terized oligonucleotide-based approach (6). A
morpholino oligonucleotide targeted to the
cryptic splice site (Exoll) was introduced by
repeated electroporation into cells from old in-
dividuals. We previously demonstrated that the
Exo11 oligonucleotide efficiently inhibits the use
of the cryptic splice site in vivo (6). Treatment
of multiple cell lines from old individuals with
Exoll reversed their aberrant cellular pheno-
types (Fig. 4). Fluorescent signals of HP1 and
Tri-Me-K9H3 increased in cells treated with
Exo11 compared with the same cells treated with
a scrambled control oligonucleotide (Fig. 4A).
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Fig. 2. Sporadic use of exon 11 LMNA cryptic splice site in cells from healthy individuals. (A) Comparison
between the consensus donor splice sequence, the wild-type LMNA cryptic splice site in exon 11, and the
mutated cryptic splice site in HGPS patients. Forward slash indicates the splice junction. (B) Schematic
representation of splicing events (dotted black lines) involving LMNA exon 11 and exon 12. The cryptic
splice site (dark box) and the position of different primer sets used for RT-PCR are indicated. RT-PCR
analysis of wild-type and HGPS fibroblasts using (C) primers detecting both the full-length (F) and the
truncated (T) LMNA isoforms or (D) primers specific for A150 LMNA (A ex11-ex12). Control ex8-ex9
primers detect all LMNA transcripts. Samples were analyzed in duplicate. Plasmids containing either full-
length or truncated lamin A cDNA were used as controls for specificity of A150 LMNA detection. (E)
Schematic representation of LMNA splicing reporter (9). The cryptic splice site (dashed box) is indicated.
(F) Immunofluorescence microscopy and (G) fluorescence-activated cell sorting analysis of fibroblasts
from a healthy individual transiently transfected with the indicated reporter minigene or untransfected.
Scale bar, 60 pum. Quantitative RT-PCR analysis of (H) wild-type fibroblasts and (1) tissues from healthy
individuals of indicated age and a HGPS patient. A150 LMNA RNA detected by using Aex11-ex12
primers relative to total LMNA RNA detected by using ex8-ex9 primers is shown.
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Fig. 3. Accumulation of lamin A/C at the lamina in cells from old individuals.
Western blot analysis of total protein extract and detergent insoluble fraction of
fibroblasts from (A) healthy individuals of indicated age, a HGPS patient, and
mouse fibroblasts and (B) from liver from healthy individuals probed with anti-
lamin A/C. A50 lamin A is not detected in mouse fibroblasts. A fourth protein
consistent with A10 lamin A (15) is also detected. Equal loading was verified by
Coomassie staining of the blot. (C and D) Immunofluorescence confocal
microscopy on passage-matched (PD21) fibroblasts. (D) Co-staining of fibroblasts from
an old individual. Scale bar, 10 pm. Lamin A/C signal shown in intensity
pseudocolors in upper right image. Arrowheads indicate nuclei with depleted
nucleoplasmic lamin A/C and reduced amounts of HPly and Tri-Me-K9H3. (E)
Quantitation of percentage of cells showing depletion of nucleoplasmic lamin A/C
(average fluorescence intensity ratio nucleoplasm/lamina < 0.2) in passage-
matched (PD21) cell lines from healthy individuals of indicated age and a HGPS
patient.

Fig. 4. Nuclear defects in cells from old individuals are
caused by use of the LMNA exon 11 cryptic splice site. (A)
Immunofluorescence microscopy on fibroblasts from an old
healthy individual after treatment with either Exoll
oligonucleotide or a control scrambled oligonucleotide.
Scale bar, 60 um. (B and €) Quantitation of phenotypic
rescue upon treatment with Exoll oligonucleotide. (D)
Quantitative RT-PCR analysis of Hela cells and cell lines
from young and old donors upon treatment with either
Exoll oligonucleotide or a control scrambled oligo-
nucleotide. Values represent averages = SD from a rep-
resentative experiment. Statistical significances of the
differences compared with mock-treated cells from the old
donor are indicated. One asterisk indicates P < 0.1. Two
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Quantitation of the distribution of HP1 and Tri-
Me-K9H3 confirmed the restoration of amounts
similar to those seen in cells from young in-
dividuals at similar passages (Fig. 4, B and C)
(P <0.001). The reversibility of nuclear defects
upon blocking of the cryptic splice site in
LMNA directly demonstrates that lamin A is
causal in generating the age-related nuclear de-
fects. A smaller, but statistically significant,
effect was also seen in cells from young indi-
viduals at later passages, further supporting a
correlation between age and lamin A—dependent
nuclear abnormalities (Fig. 4, B and C).

Organismal aging has been linked to activa-
tion of p53-dependent signaling pathways and
initiation of the senescence program in a pre-
mature aging mouse model (/2). To test whether
lamin A plays a role in the activation of p53-
dependent signaling pathways, we probed the
status of p53 target genes after elimination of
A50 lamin A from cells of old individuals using
the Exoll oligonucleotide. Inhibition of lamin
A aberrant splicing resulted in significant down-
regulation of p2l, IGFBP3, and GADD45B
compared with that of mock-treated cells (Fig.
4D). The status and response of p53 target genes
were variable among cell lines. Consistent with
the reduction in p53 activation, upon elimination
of A50 lamin A from old cells, the fraction of 5-
bromo-2"-deoxyuridine (BrdU)—positive prolifer-
ating cells increased by 30% and was similar
to that in mock-treated young cells (Fig. 4E)
(P <0.05).

The sum of our observations implicates
lamin A in physiological aging, showing that
the same molecular mechanism responsible for
the premature aging disease HGPS acts at a low
level in healthy cells. The observation that
HGPS and physiological aging share a common
cellular and molecular basis strongly supports
the notion that HGPS mimics at least some
aspects of physiological aging and suggests that
lamin A participates in the aging process in
healthy individuals. Accelerated aging in HGPS
might thus reflect an exaggerated lamin A-—
dependent mechanism, which normally con-
tributes to physiological aging.

The fact that inhibition of the LMNA aber-
rant splicing event reverses the age-related de-
fects in nuclear structure demonstrates that these
abnormalities are caused by the AS0 isoform of
lamin A. A50 lamin A lacks an internal pro-
teolytic processing site that is normally used as
part of the lamin A maturation process but
which is removed during the aberrant splicing
event (/3). The uncleaved pre—-lamin A interme-
diate accumulates at the nuclear rim (/4), where
it is thought to exert its dominant effects (12, 14).
We show here that sporadic use of the cryptic
splice site in exon 11 in healthy individuals leads
to the production of the same pre-lamin A
intermediate. Our observation that neither the
amount of aberrantly spliced LMNA mRNA nor
the amount of AS0 lamin A increases during
aging suggests that the nuclear defects are due to

www.sciencemag.org SCIENCE VOL 312

the prolonged presence of AS0 lamin A in the
nucleus. Aged cells might be more sensitized to
the presence of the aberrant lamin A isoforms
and less able to neutralize the negative effects of
AS0 lamin A, possibly due to the existence of a
p53-dependent checkpoint, which senses struc-
tural abnormalities of the nuclear lamina and
links those to the activation of the senescence
program (/2). Given our finding that several
nuclear defects in aged cells are reversible upon
inhibition of the aberrant splicing event in
LMN4, it will be interesting to determine
whether other cellular features of aging respond
to such treatment and whether organismal aging
can be modulated by interference with lamin A.
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Biogeographic Evolution of
Madagascar's Microendemic Biota

Lucienne Wilmé,* Steven M. Goodman,>3* J6rg U. Ganzhorn*

The endemic species richness on Madagascar, relative to landmass area, is unparalleled in the
world. Many organisms on the island have restricted geographical ranges. A comprehensive
hypothesis explaining the evolution of this microendemism has yet to be developed. Using an
analysis of watersheds in the context of Quaternary climatic shifts, we provide a new mechanistic
model to explain the process of explosive speciation on the island. River catchments with sources at
relatively low elevations were zones of isolation and hence led to the speciation of locally endemic
taxa, whereas those at higher elevations were zones of retreat and dispersion and hence contain
proportionately lower levels of microendemism. These results provide a framework for
biogeographic and phylogeographic studies, as well as a basis for prioritizing conservation actions

of the remaining natural forest habitats on the island.

adagascar is renowned for its bio-
Mdjversity and high levels of local en-

demism, particularly among forest
species (/). Proportionate to land area, there is
no other zone of the world with higher con-
centrations of biotic endemism across different
taxonomic levels (2), and explaining the
“origins of the modern terrestrial ... fauna of
Madagascar remain[s] one of the greatest
unsolved mysteries of natural history” (3).
At taxonomic ranks at and above the genus, the
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notable degree of endemism can be partially
explained by the long isolation of Madagascar
from Africa (more than 150 million years) and
from India (less than 90 million years) (4).
Infrequent nonsynchronized colonization by
animals, and subsequent radiations, gave rise
to a largely endemic biota (5—7). However, the
processes that led to the evolution of many of these
radiations within the extant fauna—most of which
are forest dwelling and have high species-level
turnover on very small geographic scales—have
yet to be explained. Several attempts have been
made to address these questions, but often at geo-
graphically local or taxonomically restricted levels
(8). Neither adaptations to the present vegetation
formations nor rivers as barriers provide a
global framework for explaining the present
biogeographic distribution of a considerable
proportion of the island’s fauna (9—11).
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